Abstract: Amongst the strategies applicable for CO 2 capture and sequestration, the adsorption process has a high potential to be applied as an alternative CO 2 separation strategy as it offers large adsorption capacity, requires low energy for regeneration with economical equipment cost, prevents corrosion problems, and provides ease of applicability. Inspired by the most applicable amine-based chemical absorption for CO 2 capture, the modification of adsorbent by amine was first considered and then investigated. This study introduces kenaf (Hibiscus Cannabinus L.) as a potential low-cost material in evaluating the effect of amine functional group concentrations on CO 2 adsorption capacity. Monoethanolamine (MEA) and tetraethylenepentamine (TEPA) were impregnated on kenaf via a wetness impregnation method to achieve the aim. The ratios of amine to kenaf were varied at 1:2, 7:10, 1:1, 2:1, 5:1, 7:1, and 10:1. Then, the prepared amine-modified kenaf core sorbent was characterized using different morphology and structural characterization techniques such as a field emission scanning electron microscope (FESEM) analyzer and Fourier transform infrared (FTIR) spectroscopy. Results obtained through the analyses showed that amine (MEA and TEPA) were successfully impregnated on the kenaf core surfaces, and that amine concentrations have a significant effect on the morphological structures of the kenaf core support. The study on CO 2 adsorption capacity was conducted in a pressure swing adsorption system (PSA). Results revealed that the highest CO 2 adsorption capacity for MEA-modified kenaf adsorbent was achieved at an amine to kenaf ratio of 1:1 (2.070 mmol/g), while for TEPA-modified kenaf adsorbent at a ratio of 2:1 (2.086 mmol/g). The study on the effect of amine concentration on kenaf adsorbent is beneficial in introducing kenaf as a sorbent in capturing CO 2 .
Introduction
Recently, the rising concentration of carbon dioxide (CO 2 ) in the atmosphere has been linked with global climate changes [1] . It is widely alleged that CO 2 is the main cause of the greenhouse effect, and a large portion of the CO 2 in the atmosphere is from the process of burning of fossil fuels [2] . Additionally, extensive studies on global climate change have predicted that the average global surface temperature will rise by 2 • C between 1990 and 2100 [3] . Based on the prediction, efforts to mitigate the continuous emissions of CO 2 into the atmosphere have been considered a key measure to reduce greenhouse gases emissions in the short-term [4] . The efforts have been deliberated and actively implemented and have become a global issue including in Malaysia. In line with this, carbon capture criterion to define an efficient way to improve the CO 2 adsorption capacity of a low-cost adsorbent was also pinpointed throughout this study.
Materials and Methods

Preparation of Materials
In this study, kenaf core without outer periphery bark (outer layer) was procured from the National Kenaf and Tobacco Board (NKTB), Kelantan, Malaysia. The kenaf core was presented in chip form in the sizes of 5 to 10 cm. The kenaf core in chip form was prepared to be used as a precursor by grinding and sieving into smaller particle sizes with a series of sequences, 125-249 µm, 250-299 µm, 300-499 µm, 500-999 µm, and ≥1000 µm, respectively. A study done by Zaini [35] revealed that kenaf core in the size range of 300-499 µm indicated the highest CO 2 adsorption capacity rather than other compared sizes. The types of chemicals that were used are monoethanolamine (MEA) and tetraethylenepentamine (TEPA) which were procured from the QRec and Merck Companies, respectively. Both of these amine type chemicals are highly concentrated reagent grades with purity of more than 98%. Methanol solvent was also purchased from Merck Company to facilitate the preparation of the amine-modified samples. For the gas adsorption and desorption studies, a high concentration sources of carbon dioxide (CO 2 ) and nitrogen (N 2 ) were procured from Mega Mount Industrial Gases Sdn. Bhd. Besides, a high purity grade of helium gas (He) and air were also utilized in this study to act as a carrier gas and an injector gas for Gas Chromatography 7820A (GC, Agilent Technologies, Santa Clara, CA, USA).
Preparation of the Amine-Modified Kenaf Sample
In this study, kenaf core without outer periphery bark (bast) was selected as a precursor for the preparation of the amine-modified sample. The amine-modified kenaf sample was prepared via the conventional method known as the wet impregnation method. The types of amines chosen were monoethanolamine (MEA) and tetraethylenepentamine (TEPA). The ratios of amine to kenaf were varied at 1:2, 7:10, 1:1, 2:1, 5:1, 7:1, and 10:1. Methanol was selected as a solvent for the impregnation procedure. Firstly, kenaf core was ground and sieved to a particle range of 300-500 µm prior to being wetted out in methanol solvent with the ratio of solid to liquid of 1:20. The kenaf and methanol solvent were maintained in contact for 20 min in two stages before drying overnight. For the other part, the alcoholic amine solution was prepared by mixing amine with different concentrations of methanol solvent for 20 min. Then, the air-dried kenaf was added to the prepared alcoholic amine solution and kept for 15 min prior to being magnetically stirred for 5 h. Finally, the resulting amine-impregnated kenaf sample was filtered and air-dried, while the alcoholic amine-solution was decanted for further analysis. The dried kenaf modified with amine (MEA and TEPA) was kept in an air-tight container for further use.
Structural Characterization Analysis
The MEA-modified kenaf and TEPA-modified kenaf samples were subjected to structural characterization analysis by using Fourier transform infrared (FTIR) spectroscopy and a field emission scanning electron microscope (FESEM) analyzer. For the FTIR analysis, the sample underwent testing in the mid-infrared region positioned in the range of 4000-370 cm −1 (wavenumber in x-axis). FTIR analysis using standard IR spectra provides a quick and simple qualitative technique to detect the presence, absence, and/or shrinkage of the functional group existing in the amine-modified kenaf samples. The presence of N-H bonds is a major consideration to confirm the impregnation of the amine functional group on the kenaf surface support. The FESEM analysis conducted provided a view of the surface textures of the sample before and after the amine-impregnation procedure. The sample was coated with a thin layer of gold in order to prepare a suitable and necessary surface condition and prevent electrostatic charging during the scanning phase.
Elemental Characterization Analysis
The elemental compositions existing in the samples were determined using energy dispersive X-ray spectroscopy (EDX). The EDX quantification analysis was conducted using the MEA and TEPA modified kenaf core samples. The EDX analysis was initiated by coating the sample with a thin layer of gold film in order to prepare a conductive surface condition and to prevent electrostatic charging with the help of vacuum gold sputter coater (Model: Bio-Rad, Hercules, CA, USA) that operated at a pumping pressure of 0.8 mbar with current coating of 20 mA for 90 s. Then, the prepared sample was placed on the plate and the image was focused at the specified magnification. The elemental composition data was collected at three different locations to obtain the average value of the elemental data.
CO 2 Adsorption and Regeneration Studies
The CO 2 adsorption and regeneration studies were conducted with the aid of a double-column pressure swing adsorption system (PSA). Each of the columns had specific dimensions as follows: internal diameter of 3.5 cm (1.378 inches), height of 15 cm (5.906 inches), and made of 3 mm (1/8 inch) stainless steel tube. The PSA system was connected to Gas Chromatography (Agilent 7820A GC system) to determine the peaks of the raffinate gases that left the adsorption system. The GC system was operated with the aid of carrier and injector gases. For this study, helium (He) and air functioned as a carrier and injector gas, respectively. Carbon dioxide (purity of 99.999%) and nitrogen (purity of 99.999%) gases were purchased from MegaMount Industrial Gases Sdn. Bhd. (Senai, Malaysia) and used for the adsorption and regeneration processes, respectively. The PSA operation system was operated in four steps, which were pressurization, adsorption, desorption, and purging. The adsorption process was fixed at 1.5 bars with a flowing rate of 300 cm 3 /min and retention time of 5 min. The regeneration process took over after the adsorption step by reducing the pressure to 1 bar. The schematic diagram of the double-column PSA system is represented in Figure 1 . 
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An FTIR characterization study was achieved to determine the presence of amine functional groups and the shrinkage of peaks after undergoing the amine wetting impregnation procedure. Figure 2 shows the IR spectra of the amine-modified kenaf sample. The IR spectra of amine-modified kenaf samples were compared to the IR spectra of raw kenaf core (precursor). Figure 2 shows the IR spectra of the amine-modified kenaf sample. The IR spectra of amine-modified kenaf samples were compared to the IR spectra of raw kenaf core (precursor). Referring to the presented IR spectra in Figure 2 , the raw kenaf core and amine-modified kenaf samples had broad bands in the range of 3300-3400 cm −1 that represented the stretching of intra-and inter-hydroxyl groups (O-H) in the cellulose compound. The peak in the range of 2800-3000 cm −1 indicated the aliphatic alkyl group (C-H) stretching of -CH2 [36] . However, the disappearance of the sharp peak at 2861 cm −1 in the amine-modified kenaf samples was due to the shift of stretching -CH2 in cellulose. Moreover, the IR spectra at 1742 cm −1 in the raw kenaf core was associated with the C=O stretching of the acetyl and ester group of hemicellulose [37, 38] . The absence of this peak in both amine-modified kenaf samples explains the elimination of hemicellulose after impregnation of the amine on the kenaf surface. In addition, the presence of a sharp peak at band position of 1500 cm −1 in both amine-modified kenaf samples was ascribed to the stretching vibration of N-H bending. The determination of N-H vibration proved impregnation of the amine functional groups on the kenaf surface. Moreover, the absorbance peak at 1377 cm −1 referred to the bending vibrations of C-H and C-O bonding of the aromatic ring in the polysaccharide [39, 40] . The disappearance of this peak in amine-modified kenaf samples defined the shift of C-H and C-O bonds in the kenaf cellulose. The sharp peak at 1238 cm −1 in the raw kenaf sample represented the C-O stretching of the aryl group in the lignin [40] . The shrinkage of this peak after the impregnation of MEA and TEPA elucidated the shifted C-O stretching bond of lignin. Based on the FTIR analysis, there were several functional groups either shifting, appearing, or disappearing after the impregnation of MEA and TEPA that confirmed the presence of functional amine group on the kenaf structure surface.
FESEM Characterization Study
In this study, the effect of amine concentrations on kenaf material was evaluated by varying the ratio of amine to kenaf at 1:2, 7:10, 1:1, 2:1, 5:1, 7:1, and 10:1. The cross-sectional morphologies of MEA and TEPA-modified kenaf at different concentrations are presented in Figures 3 and 4 , respectively.
Based on the presented surface morphology in Figure 3 , the impregnation of MEA with different concentrations affected the pore structure of the kenaf support. Different MEA concentrations would be expected to form different enlargements and pore structures of kenaf. As shown in Figure 3b , the MEA to kenaf ratio of 1:2 exhibited a clear and apparent pore structure. The addition of MEA in the ratio of 7:10 as shown in Figure 3c created a rough and jagged pore structure and became partially broken when the MEA concentration was increased to 1:1 ratio (Figure 3d) . Then, further increase in the MEA concentration to kenaf of ratio 2:1 caused a clear and larger pore opening structure as presented in Figure 3e . The kenaf structure developed a thicker and large uneven pore opening after Referring to the presented IR spectra in Figure 2 , the raw kenaf core and amine-modified kenaf samples had broad bands in the range of 3300-3400 cm −1 that represented the stretching of intra-and inter-hydroxyl groups (O-H) in the cellulose compound. The peak in the range of 2800-3000 cm −1 indicated the aliphatic alkyl group (C-H) stretching of -CH 2 [36] . However, the disappearance of the sharp peak at 2861 cm −1 in the amine-modified kenaf samples was due to the shift of stretching -CH 2 in cellulose. Moreover, the IR spectra at 1742 cm −1 in the raw kenaf core was associated with the C=O stretching of the acetyl and ester group of hemicellulose [37, 38] . The absence of this peak in both amine-modified kenaf samples explains the elimination of hemicellulose after impregnation of the amine on the kenaf surface. In addition, the presence of a sharp peak at band position of 1500 cm −1 in both amine-modified kenaf samples was ascribed to the stretching vibration of N-H bending. The determination of N-H vibration proved impregnation of the amine functional groups on the kenaf surface. Moreover, the absorbance peak at 1377 cm −1 referred to the bending vibrations of C-H and C-O bonding of the aromatic ring in the polysaccharide [39, 40] . The disappearance of this peak in amine-modified kenaf samples defined the shift of C-H and C-O bonds in the kenaf cellulose. The sharp peak at 1238 cm −1 in the raw kenaf sample represented the C-O stretching of the aryl group in the lignin [40] . The shrinkage of this peak after the impregnation of MEA and TEPA elucidated the shifted C-O stretching bond of lignin. Based on the FTIR analysis, there were several functional groups either shifting, appearing, or disappearing after the impregnation of MEA and TEPA that confirmed the presence of functional amine group on the kenaf structure surface.
Based on the presented surface morphology in Figure 3 , the impregnation of MEA with different concentrations affected the pore structure of the kenaf support. Different MEA concentrations would be expected to form different enlargements and pore structures of kenaf. As shown in Figure 3b , the MEA to kenaf ratio of 1:2 exhibited a clear and apparent pore structure. The addition of MEA in the ratio of 7:10 as shown in Figure 3c created a rough and jagged pore structure and became partially broken when the MEA concentration was increased to 1:1 ratio (Figure 3d) . Then, further increase in the MEA concentration to kenaf of ratio 2:1 caused a clear and larger pore opening structure as presented in Figure 3e . The kenaf structure developed a thicker and large uneven pore opening after impregnation of MEA to kenaf with a ratio of 5:1 as shown in Figure 3f . The additional MEA concentration to kenaf with the ratio of 7:1 formed larger pore opening sizes as compared to 2:1 and 5:1. However, the smaller heterogeneous pore openings seemed to be broken and cracked. Finally, by increasing the MEA concentration to kenaf up to a ratio of 10:1 caused imminent destruction of some of the wall structures and formed a large pore size as indicated in Figure 3h . This result was in line with the study carried out by Anita et al. [41] who also revealed that higher MEA concentration induced agglomeration of a MEA-Si-MCM-41 support and blocked the sites for the adsorption process.
ChemEngineering 2018, 2, x FOR PEER REVIEW 6 of 13 impregnation of MEA to kenaf with a ratio of 5:1 as shown in Figure 3f . The additional MEA concentration to kenaf with the ratio of 7:1 formed larger pore opening sizes as compared to 2:1 and 5:1. However, the smaller heterogeneous pore openings seemed to be broken and cracked. Finally, by increasing the MEA concentration to kenaf up to a ratio of 10:1 caused imminent destruction of some of the wall structures and formed a large pore size as indicated in Figure 3h . This result was in line with the study carried out by Anita et al. [41] who also revealed that higher MEA concentration induced agglomeration of a MEA-Si-MCM-41 support and blocked the sites for the adsorption process. Results presented in Figure 4 also show that the impregnation of TEPA has affected the kenaf structure. Initially, the impregnation of TEPA to kenaf with a ratio of 1:2 produced honeycomb shaped gaps with different pores as represented in Figure 4b . The pore structure of kenaf appeared rough and partially ruptured as the TEPA concentration to kenaf increased to 7:10 (shown in Figure  4c ). Further increase of TEPA concentration to a 1:1 ratio yields jagged and serrated pore structures. The larger and robust heterogeneous pore openings developed after the impregnation of TEPA to kenaf with a ratio of 2:1 as shown in Figure 4e . Then, the additional TEPA concentration to kenaf up to a ratio of 10:1 caused some of the heterogeneous pore openings to be larger and formed a destroyed and ruptured structure that might have blocked some of the pore openings of kenaf. The analysis performed via FESEM showed that higher amine concentration impregnated on kenaf could construct a breakable and weak pore structure, which would then be demolished to create larger pore openings. The SEM results provided preliminary knowledge on the prepared adsorbent for the CO2 adsorption process.
EDX Characterization Study
The EDX quantification analysis for each sample was determined by varying the effect of amine concentration from 0.5 up to 10 times the sample weight. The list of elemental compositions of each amine-modified kenaf core sample is summarized in Tables 1 and 2 , respectively. The initial weight of kenaf sample was 1.5g. The amounts of MEA impregnation required were based on the fixed ratio.
The pH value was also g considered on the table in order to measure the level of alkalinity of the prepared sample. Results presented in Figure 4 also show that the impregnation of TEPA has affected the kenaf structure. Initially, the impregnation of TEPA to kenaf with a ratio of 1:2 produced honeycomb shaped gaps with different pores as represented in Figure 4b . The pore structure of kenaf appeared rough and partially ruptured as the TEPA concentration to kenaf increased to 7:10 (shown in Figure 4c ). Further increase of TEPA concentration to a 1:1 ratio yields jagged and serrated pore structures. The larger and robust heterogeneous pore openings developed after the impregnation of TEPA to kenaf with a ratio of 2:1 as shown in Figure 4e . Then, the additional TEPA concentration to kenaf up to a ratio of 10:1 caused some of the heterogeneous pore openings to be larger and formed a destroyed and ruptured structure that might have blocked some of the pore openings of kenaf. The analysis performed via FESEM showed that higher amine concentration impregnated on kenaf could construct a breakable and weak pore structure, which would then be demolished to create larger pore openings. The SEM results provided preliminary knowledge on the prepared adsorbent for the CO 2 adsorption process.
The pH value was also g considered on the table in order to measure the level of alkalinity of the prepared sample. Tables 1 and 2 tabulate the carbon (C), oxygen (O), and nitrogen (N) compositions contained in the MEA-modified kenaf and TEPA-modified kenaf samples at different amine concentrations. According to the elemental composition data, the amount of nitrogen (N) content in MEA and TEPA modified kenaf sample increased as the amine concentration increased. These results are in good agreement with the study done by Anita et al. [41] who found that the amount of nitrogen content in MEA functionalized Si-MCM-41 increases as the amine loading increases from 10 wt % to 50 wt %. Based on the elemental data shown, the amount of nitrogen content in TEPA-modified kenaf sample was higher than the MEA-modified kenaf sample for each equivalent loading. This is because the TEPA functional group comprises five nitrogen atoms bonded to the main chain, whilst the MEA functional group comprises only one nitrogen atom bonded to the main chain. Besides, TEPA has eight alkyl functional groups as compared to the single alkyl group present in MEA. This would increase the energy of the lone electron pair on nitrogen and improve the basicity character. Based on this chemistry principle, TEPA should present relatively higher basicity characteristic than MEA. In addition, a direct basicity measurement could be done by taking a power of hydrogen (pH) reading for each decanted alcoholic amine solution. Based on the presented pH readings, TEPA-modified kenaf has a higher pH value than MEA-modified kenaf at similar loadings. The pH reading indicates a higher number as the amine concentration increases. The higher pH reading is representative of the higher alkalinity/basicity characteristics of the prepared amine-modified kenaf samples which is also in line with the EDX elemental analysis.
Effect of Amine Concentration on CO 2 Adsorption Study
This section discusses the effect of amine concentration on the CO 2 adsorption capacity of kenaf. The MEA and TEPA concentrations to kenaf varied in the ratios of 1:2, 7:10, 1:1, 2:1, 5:1, 7:1, and 10:1. Figures 5 and 6 show the CO 2 adsorption capacity of samples in pressure swing adsorption (PSA). Figures 5 and 6 elucidate the effect of different MEA and TEPA concentrations on kenaf. Based on the results, different amine concentrations would result in a different capacity of CO2 adsorption. As represented in Figure 5 , the MEA to kenaf ratio of 1:1 has the highest CO2 adsorption capacity (2.070 mmol/g), while TEPA to kenaf at a ratio of 2:1 was able to adsorb the highest amount of CO2 as it achieved as high a value as 2.086 mmol/g in the first cycle. The different capacities of CO2 adsorption for both MEA-modified kenaf and TEPA-modified kenaf samples were due to the availability of adsorption sites. The availability of adsorption sites for MEA-modified kenaf and TEPA-modified kenaf samples are shown in Figures 3 and 4 , respectively. In fact, FESEM morphology indicated the effect of amine concentration on the structure of kenaf prior to CO2 adsorption process. It clearly shows that the presence of heterogeneous honeycomb shapes for MEA to kenaf sample at the ratios of 1:2, 7:10, and 1:1 facilitated the interaction of MEA on the kenaf surface with CO2 adsorbates. However, additional MEA to kenaf at the ratios of 2:1, 5:1, 7:1, and 10:1 created heterogeneous pore openings, of which some were partially broken and destroyed. The presence of these partially broken and destroyed pore openings might block the sites available for the amine-gas interaction during the adsorption process leading to the reduction of the CO2 adsorption capacity. In the case of TEPA-modified kenaf adsorbent, the samples of TEPA to kenaf at the ratio of 1:2, 7:10, 1:1, and 2:1 preserved the honeycomb shapes with different pore sizes which provided an appropriate site for the adsorption process. In this case, the higher concentration of amines (up to 2:1 ratio) provided sites for the interaction of CO2 that led to the higher CO2 adsorption process. However, the formation of partially ruptured and broken pore openings of the kenaf structure after the impregnation of TEPA to kenaf at the higher ratio (5:1, 7:1, and 10:1) caused blockages that reduced the available sites from interaction of CO2 adsorbates. It can be concluded that the higher TEPA to Figures 5 and 6 elucidate the effect of different MEA and TEPA concentrations on kenaf. Based on the results, different amine concentrations would result in a different capacity of CO2 adsorption. As represented in Figure 5 , the MEA to kenaf ratio of 1:1 has the highest CO2 adsorption capacity (2.070 mmol/g), while TEPA to kenaf at a ratio of 2:1 was able to adsorb the highest amount of CO2 as it achieved as high a value as 2.086 mmol/g in the first cycle. The different capacities of CO2 adsorption for both MEA-modified kenaf and TEPA-modified kenaf samples were due to the availability of adsorption sites. The availability of adsorption sites for MEA-modified kenaf and TEPA-modified kenaf samples are shown in Figures 3 and 4 , respectively. In fact, FESEM morphology indicated the effect of amine concentration on the structure of kenaf prior to CO2 adsorption process. It clearly shows that the presence of heterogeneous honeycomb shapes for MEA to kenaf sample at the ratios of 1:2, 7:10, and 1:1 facilitated the interaction of MEA on the kenaf surface with CO2 adsorbates. However, additional MEA to kenaf at the ratios of 2:1, 5:1, 7:1, and 10:1 created heterogeneous pore openings, of which some were partially broken and destroyed. The presence of these partially broken and destroyed pore openings might block the sites available for the amine-gas interaction during the adsorption process leading to the reduction of the CO2 adsorption capacity. In the case of TEPA-modified kenaf adsorbent, the samples of TEPA to kenaf at the ratio of 1:2, 7:10, 1:1, and 2:1 preserved the honeycomb shapes with different pore sizes which provided an appropriate site for the adsorption process. In this case, the higher concentration of amines (up to 2:1 ratio) provided sites for the interaction of CO2 that led to the higher CO2 adsorption process. However, the formation of partially ruptured and broken pore openings of the kenaf structure after the impregnation of TEPA to kenaf at the higher ratio (5:1, 7:1, and 10:1) caused blockages that reduced the available sites from interaction of CO2 adsorbates. It can be concluded that the higher TEPA to Figures 5 and 6 elucidate the effect of different MEA and TEPA concentrations on kenaf. Based on the results, different amine concentrations would result in a different capacity of CO 2 adsorption. As represented in Figure 5 , the MEA to kenaf ratio of 1:1 has the highest CO 2 adsorption capacity (2.070 mmol/g), while TEPA to kenaf at a ratio of 2:1 was able to adsorb the highest amount of CO 2 as it achieved as high a value as 2.086 mmol/g in the first cycle. The different capacities of CO 2 adsorption for both MEA-modified kenaf and TEPA-modified kenaf samples were due to the availability of adsorption sites. The availability of adsorption sites for MEA-modified kenaf and TEPA-modified kenaf samples are shown in Figures 3 and 4 , respectively. In fact, FESEM morphology indicated the effect of amine concentration on the structure of kenaf prior to CO 2 adsorption process. It clearly shows that the presence of heterogeneous honeycomb shapes for MEA to kenaf sample at the ratios of 1:2, 7:10, and 1:1 facilitated the interaction of MEA on the kenaf surface with CO 2 adsorbates. However, additional MEA to kenaf at the ratios of 2:1, 5:1, 7:1, and 10:1 created heterogeneous pore openings, of which some were partially broken and destroyed. The presence of these partially broken and destroyed pore openings might block the sites available for the amine-gas interaction during the adsorption process leading to the reduction of the CO 2 adsorption capacity. In the case of TEPA-modified kenaf adsorbent, the samples of TEPA to kenaf at the ratio of 1:2, 7:10, 1:1, and 2:1 preserved the honeycomb shapes with different pore sizes which provided an appropriate site for the adsorption process. In this case, the higher concentration of amines (up to 2:1 ratio) provided sites for the interaction of CO 2 that led to the higher CO 2 adsorption process. However, the formation of partially ruptured and broken pore openings of the kenaf structure after the impregnation of TEPA to kenaf at the higher ratio (5:1, 7:1, and 10:1) caused blockages that reduced the available sites from interaction of CO 2 adsorbates. It can be concluded that the higher TEPA to kenaf ratio (starting from 5:1 ratio) is not necessary for the CO 2 adsorption process. It is also summarized that the presence of a highly porous structure would facilitate the CO 2 adsorption process, while destroyed and blocked pore openings may reduce the available sites for the adsorption process.
From the results, it can be revealed that the amine concentration has a significant effect on CO 2 adsorption capacity. A higher amine concentration destroyed the kenaf core structure and reduced the available adsorption sites for capturing CO 2 . However, the lower amount of amine loading on the structure of kenaf may not be sufficient to create the chemical bonds between amine-CO 2 during the adsorption process. This also contributes to low CO 2 adsorption capacity. Based on this study, it can be inferred that amine-modified kenaf adsorbents present the highest CO 2 adsorption capacities at an MEA to kenaf ratio of 1:1 (2.070 mmol CO 2 /g) and TEPA to kenaf ratio of 2:1 (2.086 mmol CO 2 /g). This study showed that the amine-functionalized kenaf surface presents a promising candidate for the CO 2 adsorption process and can be used as an alternative green-based adsorbent in CO 2 adsorption studies.
Conclusions
This study introduced kenaf as one of the sustainable green-based adsorbents for CO 2 capture. It highlighted the potential of kenaf as a precursor for the amine-impregnation method for CO 2 adsorption application. This study revealed that MEA and TEPA impregnated on kenaf surface plays a significant role in the CO 2 adsorption process. Results obtained revealed that the highest CO 2 adsorption capacities for MEA-modified kenaf and TEPA-modified kenaf were achieved at a ratio of 1:1 (2.070 mmol/g) and 2:1 (2.086 mmol/g), respectively. This study also proved that the concentration of amine impregnated on kenaf affects the CO 2 adsorption capacity. 
